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INTRODUCTION
In view of the fact that the poT7er plant of the University
of Illinois is loaded during the winter months to its utmost capa-
city, and that in the coining year the additional load of the new
Physics Laboratory, the new Natural History Hall and the Young
Men*s Christian Association building will have to be cared for ^
there seems to be no alternative from installing additional
generating capacity, but whether this is done or not it is equally
essential that a method of operating be devised provided for and
put into practice, that will not only insure safety and contin-
uity of service, but will afford the greatest flexibility, effect-
iveness arad economy in operating.
It has been the purpose in this thesis work to investigate
the operating conditions,, to study the methods and apparatus
now employed
,
to devise jpi better method of operating
,
to de-
sign
,
construct and install such apparatus and malce such changes
in the switchboard connections as are necessary for putting this
mjbhod into practice.

EXISTING CONDITIONS
Present Equipment , The present equipment consists of a 120
kilowatt Westinghouse alternator direct-conneoted to a 14" x 24"
X 14" upright, cross-compound Y/estinghouse engine, and a 75
kilowatt Westinghouse alternator "belted to a line shaft which is
driven "by a 10" x 16" x 12" horizontal , tandem-compound Ideal
engine , both machines generate 2 - phase , 60 cycle energy at
440 volts presstire. In addition to the 75 kilowatt alternator
there are connected to the Ideal engine, through the line shaft, ans
85 kilowatt, 220 volt direct current generator, and an air corfipres
sor which requires about 25 horsepower of energy. The air
compressor is not a constant load, T3Ut operates automatically
to maintain a constant pressure of 40 pounds per square inch in
the air system of the shops and laboratories. In the substation
in the Electrical laboratory there is a 45 kilowatt motor-genera-
tor set which may be operated as a synchronous motor - direct
current generator from one of the power riant alternators or as
a direct current motor alternating current generator from the
direct current mo.chine in the power plant. Under ordinary condi-
tions this set is used for laboratory purposes only, but during
the time of the peak load in the winter season it is used to help
out the alternating current system.
The pressure of the steam supplied to the two engines is
maintained at about 145 pounds per square inch. The engines are
designed, however, for a pressure of 175 pounds per square inch.
In addition to this low initial pressure the steam is exhausted
into the general heating mains where a pressure of from 10 to 50
pounds per square inch is maintained. It is found, upon investiga-

- 4 -
tlon that tills 1ot7 initial presa^Te, the high back -oressure,
and the mixed load on the Ideal engine give three conditions
which are ver^r unfavorable for the best operating practice.
Tlie pov/er plant sv;itch boa-^d hn.s probably met the re-
quirements vexy 7/ell at one time, but since its installation
a number of neT? circuits have been added, and many changes
in others have been made, until now the back of the board is
an interwoven mass of wires so dense that any necessary re-
pairs can be made only with great difficulty and danger.
There are two sets of main buses, and either alternator
or any circtiit can be switched to either bus. The substation
circuit
,
however, can be operated only on the inside bus.
There is no tie switch between the two buses and the only
synchronizing device is a set of lamps long in disuse and not
connected between the leads of the two alternators.
Present Method of Operating , - Under the present method of
operating the 75 Kilowatt alternator is connected to the inside
bus where it supplies the substation and Electrical laboratory
with alternating current, and as many of the circuits as are
required to make its proportionate sh.aj?e of the total load.
The 120 kilowatt machine carries its proportionate share of
•the load through the outside bus. Load is transferred from
one machine to the other by simply throrang circuit switches
from one bus to the other, which
, of course causes a flashing
of the lamps,.
No attempt is ever made to operate the two machines in
parallel, in fact the synciironizing lamps are not connected
so that this can be done conveniently.
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Investigation and Ch^nr:es Proposed,- It has been the pur-
pose in this thesis rrork to investigate the feasibility of oper-
ating the two alternators In parallel continuously, of operat-
ing them in parallel under certain conditions while shifting load,
or of operating them in parallel upon special occasions when it
is particularly undesirable to have the flashing of the lights
due to swit;2^ching. It has been propped to remove some of the ui>-
A
necessary switches from the board, to simplify the connections on
the back of the board, and remove some unnecessary apparatus, to
install a bus tie switch, and a double throw switch for the sub-
station circuit that will allow it to be connected to either bus
,
to connect properly the set of synchronizing lamps, and to design
construct and install a coreless inductance, synchronizing ooil
to use in paralleling the two alternators.
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THEORY
Parallel Operation , - As the method outlined in this thesis
is to depend largely upon iiarallel operation of the two alterna-
tors, and upon the facility and safety with which the two may be
synchronized it may be well at this time to give a brief outline
of the theoiy involved in these two points.
In order that tv/o or more alternators may be run in parallel
they should have similar wave forms, they should run at the
same frequency, or their electromotive force waves should be in
unision, and they should generate the same voltage. When they
meet these requirements they may be connected together, and will
operate successfully. There will be a synchronous motor action
between the machines which will hold them together so firrray that
if the driving power is removed from either, the other will drive
it as a syinchronous motor or, at least, will tend to do this to the
limit of its capacity. The two machines need nat have the same
number of phases, A single phase machine will operate successful
ly in parallel with one phase of a two phase or a three phase
machine, in the method outlined here in, in fact, the synchron-
izing is done on one phase, the other being cloced in later.
It will be found
,
however, that more or less synchronizing
current will flow between the two machines, depending upon the
conditions existing at the time they p^e connected, f>M upon
their operation afterw^:ird. This current is necessary because
it supplies the power that holds the machines together, without
it they would fall apart, it may be considered chiefly the
result of the four following causes
(1) A difference in the wave form of the two alternators.
(S) A pulsation during each revolution of the prive movers of
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the alt-ernators.
(3) The speed chn'-racteristics of the engines, or prime movers.
(4) A difference in the values of electromotive force. The
first caiise affords little trouble in the case of small machines
,
but where large units are employed it must be taken into ac-
count.
The second cause can give trouble only in the case of re-
ciprocating engine practice, -There the engines do not beat to -
gether
,
or keep in step. It may often be noticed distinctly
where the two engines run at different speeds. It is a frequent
cause of serious trouble that is now avoided by the use of the
steam turbine.
The third cause is one of the most frequent and serious
so'iorces of trouble. For the best operation the speed regulation
of both engines should be very low, and the two should be equal.
If they do not govern closely considerable difficulty will like-
ly be experienced in dividng the load on the two generators.
PoiJirth ,- When two alternators are properly phased, and
their prime movers run without variation or Y;ith similar varia-
tion a cross current may flow due to a difference in the two
electromotive forces at the time the machines are parallelled
or to a variation in the field excitation of one machine after-
ward , This current does not represent energy, it lags with re-
spect to the higher voltage and leads rrlth respect to the lower.
Its action is to counteract the magnetism of the stronger machini>
and assist that of the Y^eaker, thereby maiing the two voltages
equal.
The Common Method of Synchronizing
,
- As stated above, when
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two machines are to be switched to the sanie bus bars they
niust be in step, and their frequencies and. voltages imist be
equal. The voltages are always measwred with a voltmeter, and
various devices have been employed to determine whether or not
the machines are in step and. equal in frequency. The device
most commonly emplyed is the s3;-nchronizing lamp bank. The
machines to be synchronized are connected in series,with a lamp
baiik interposed as shown in Figure I, the voltai':e of the lamp
bank being equal to the sum of the voltages of the two machines -
As the machines re-
volve going into and
coming out of phase,
these lamps flicker
from a maximum to a
minimum. Wnen the
lamps a'?e d?rk the
machines are in phase,
and when bright they
are in opposition.
When the lamps flicker
J—
/< i /< 1
7
-oooo-t
ruse
3
37
/7
rapidly the machines are of different frequencies, that is, one
is revolving faster than the other. The speeding machine
should be retsTded or the lagging machine accelerated. As
this is done it will be noted that the flickering of the lamps
becomes less and leafs frequent, or that they change more and
more slowly from dark to bright. When a beat is obtained
such that the time between two successive conditions of
maximum brightness is 5 Or 6 seconds, the switch may be closed
provided it is done at the instant the laamps are completely
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darlc, A synchronizing current will then flow between the
two machines, and they will be held together. If the connections
of the terminals of the laiiip circuit , as shown in Figure I
,
be reversed on one machine the synchronizing switch must be
closed when the lamps are at maximum brightness. Either conr-
nection may be used with equally satisfactory results. There
is one danger in synchronizing on dark lainps, however, that is,
a filament might breaK. .i^ist at the instant the switch was to
be closed, and the true conditions would not be indicated*
In cases where the voltages of the machines are so high
that lamps can not be used, as described above, conveniently
,
a transformer is connected in the circuit and the same effect
upon the Isjirps is obtained,
A second device for synchronizing
,
one that is now coming
into general use, is an
Bus ^jCT/=fS
1 1
i /J[ 1 ,i
instrument called the
synchroscope. This
instrument consists
essentially of a set
of coils so arranged
as to rotate a point-
er as the phase angle
of the alternators
changes. The speed of
the pointer indicates
the difference in frequency, r'.nd the direction of its rotation
indicates whether the incoming machine is running too fast or
two slowly. The operator regulates the speed of the incoming
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machine until the pointer rotates as sloT7ly as it will, then
at an instant when it is pointing in an exact vertical direc-
tion he closes the switch. This instrument facilitates the
operation of synchj?onizing to a very great degree, and is now
generally used in all large generating stations*
The New Method of Synclironizing , - within the past few
years a method of synchronising has been devised, chiefly under
the direction of Professor Morgan BrooKs, at the University
of Illinois, 'thereby two alternators may be made self-synchro-
nizing
,
that is, they raay be connected together at any time
desired regardless of their phase relation, and they will pull
each other into step and hold together. The methoddepends upon
the use of a small coreless reactance coil connected in series
with one phase of the two machines, as shovm in Figures 4 and?.
Its function is to prevent an excessive phasing current
,
and
still retain sufficient synchronising power to pUjCLl and hold
the machines together. The action of the coil may be clearly
understood from the folloY^ing discussion of its design and the
tests made with it. The effectiveness of such a coil in the
synchronizing of alternators has been so flrialy established
that it has not been considered necessary to demonstrate that
point in this worK. An extensive discussion of it may be found
in the thesis of Messrs. R. A. Broolcs and H. c. Gardner written
in 1907. An effort has been made, however, to find a formula
by means of which the dimensions of the most effective and
economical coil, for a given amottnt of wire
, can be determined.
The results of these Investigations are given in the following
chapter.
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!3ESIGN AND TESTS OP COIL.
Capacity of Coil and Size of Fire , - Regardless of which
machine is being synchronized the coil nust he designed for
a capacity corresponding to that of the smaller machine. The
capacity of this machine is 75 liilowatts or 37,5 kilowatts
per phase. As only one phase is to toe synchronized it is neces-
sarjr to provide for a 37,5 Kilowatt capacity. With a non-in-
ductive load and 440 volts pressure the full load machine cur-
rent per phase will be 37500/440 or 85,3 a^nperes. It was conr-
sidered then that in order to be on the side of safety and to
obtain the best results an impedance should be provided that
would allow about half of the full load current, or 40 ^^res,
to flow under the worst conditions . This impedance would be
88O/4O or 22 ohms, where 880 would oe the voltage between the
two machines when they were 180 degrees apaxt in phase, ?or
satisfactory results the resistance of the coil mst be so
low, compared with the impedance, that it is practically neg-
ligible so the reactance may be considered equal to the imped-
ance or 22 ohms. Then X = 22 ohms = 2 tt f L T^here f is the
frequency, and L is the indLictance
. L = 22/znt» In this case
f=60. Therefore L = 22/ 2 x 3,14 x 60 = .06 henry
. It was
not considered necessary to use a wire in this coil with a capa-
city of 40 amperes, because the average heating effect due to
a ciirrent which varies from to 40 amperes would not be much
greater than that due 't6 20 amperes of continuous current. It
was decided then to use a wire with a capacity of 20 amperes,
and this is found to be # 12 copper wire, its cross-section
area is 6530 circular mils, allowing for insulation the cross
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section area was taXen as 10,000 circular mils.
The Shape of the Ooil,- "Prom a set of exoeedingly complica-
ted formlas published by the national Bureau of Standards
Professor Morgan Brooks h-is derived the following formulas for
obtaining the most economical shape of coil for a given induc-
tance.
(1) L =
(D - t)^x }fx 10^
1+ t 4- .45 D
TTiiere D is the outside diamter of the coil.
1 is the length,
t is the depth,
and N is the total number of turns, as shown in Figure 3.
All dimensions are expressed in centimeters. It is evident
at once that the de-
nominator of thie ex-
pression is empirical.
It has been found by
a series of calculations
and a set of curves that
for the best results
the ratio of 1 : t :
D should be approximate-
ly as 5 : 4 : 20. These
ratios not only give the best results in the way of maxiTiiuin
indiic^tance, bu.t they give a coil of a shape thst is most con-
venient to handle and to attach to a switchboard. If it is
desired to design a coil with a different ratio of dimensions
this formula must be modified somewhat. Thus for a coil In
which D is to be very large conrpaa:'ed with 1 the following form
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has been derived,
-
2 2-8(D-t)xNxlO 10xl + l2Xt + D
(2) L = X — Xl+t+.5xD lOxl+lOxt +.7D
D
lOgdO + )
10 X 1 + 15 X t
For the ratios of dimensions given above, however, the last two
terms of equation (2) equal practically unity.
In the determination herein equation (1) is all that will
be employed. In order to determine the dimensions we proceed
as follows,- Introduce a factor (a) and let 1- 5a, t = 4a,
and D = 20a. substituting these values and the values of L
determined above in equation ( 1 ) we have,-
2 2
fl6a) X i
L » .06 « 8- or N = 1000 V..43/a .
18a X 10
To determine fa) then we substitute as follows until a proper-
value is obtained,
-
(1) Let a=l N= 1000 \/.43 = 650
The cross section area = 650 x 10,000 = 6,500,000 square
mils
,
or 6.5 square inches.
But 5a X 4a/2.54 = 3.08 square inches. From this it is evi-
dent that this value of (a) is too small.
(2) Let a = 1.5 N = 1000\/.43/l.5 = 537
The cross section area = 5.37 square inches.
But 1 X t = 7.5 X 6/2.54 = 7 square inches.

This value for (a) is therefore too large but the proper value
is between these tvro so we assume a value of 1.3
''l.S
(3) Let a= 1.3 N= 1000y_ =565
The cross-section area=5.65 square inches,
1 X t=6.5 X 5.3/2. 54 = 5. 3 square inches.
Thus we have 5.3 as a^^ainst 5.65 which checXs close enough,
and our dimensions will be : -
Dimension cm. inches
D 26 10
1 6,5 2.5S
t 5.2 2.2
N= 565 turns, and the mean diameter = 8 inches •
The length of the v;ire required will be 565 x 3.14 x S _1184
12
or 1200 feet.
Using #12 wire weighing 22 pounds per 100 feet 26.4 pounds will
be required , A spool of magnet wire with a new brand of
asbestos insulation known as » Valcabeston" was ordered from
Westexn Electric Coirrpany of Chicago, After a month's waiting
the wire was received but was found to be #13 instead of #12,
The dimensions of the wire vrere measured and found to be as
follov/s
Diameter of wire over insulation .0809"
" " • " bare .0710"
Thickness of Insulation ,00495"
cross-section area of the wire without insulation 5040 circu-
lar mils or ,003959 square inch,
cross-section area with insulation 6545 circular mils or
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,00514 square inch.
th-e
This wire vras considered sufficiently large to carry^ current
but when it was wound on the spool that had been designed for
the # 12 it was found that the shape of the coil was different
from that desired. In order to make an even number of layers
600 turns 'vere wound on the spool. The impedance of the coil
was then measured roughly and found to be about 25 ohms. It
was then decided to make a number of tests of the coil in the
substation before making any refined measurements of imped^jice
or resistance.
Test of the Coil , -
With the coil connec-
ted, as shoiTn in Fig-
ure 4, between the
power plant PP and
the substation SS,
the substation machine
was brought up to
synchronoLis speedy
Switch #1 was closed
when the machines were
PP
FiGt. ^,
exactly in phase. There was no phasing current, of course, but
there was also only about 10 or 15 ariiperes of synchronizing
current found to flow. This was not enough to hold the machines
together and in a short time thfey pulled apart. Another test
was then made closing switch #1 'Then the machines were about
90 degrees apart in phase, Aoout 15 amperes of phasing current
were found to flow and the synchronizing current was about the
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same as in the first case. The operation yt-^s then repeated,
switch #1 being closed when the tv;o machines Trere 180 de^ees
apart. In this case the voltage impressed on the coil was 880
volts, "out the phasing current was slightly less than 40 amperes,
and the synchronizing current w-s the same as before. These re-
sults showed that the impedance wis too great, so several layers
of the wire were removed, the tests were repeated, and the re-
sults showed an improvement, When four layers or 120 turns had
been removed switch #1 could be closed with the machines 180
degrees apart in phase, and a phasing current of about 50 amperes
ancla synchronizing current of 20 ainperes would flow, the machines
held together fairly well but not as firmly as was desired. Two
more layers were then removed leaving 420 turns on the coil, A
series of tests were then made and the results were entirely
satisfactory. Under the worst conditions a phasing current of
from 70 to 100 amperes would flow, and the synchroniziJig current
was about 25 amperes. This would pull the machines together
completely and hold them so.
The coil was now considered satisfactory in all respects
regarding operation
,
but removing the turns had changed the
shape considerably, so it w^.s decided to reird.nd it on a new spool
with dimensions in accordance with the original design, A spool
was constructed
,
of wood, with dimensions as shown in Figure
5,and lined on the surface next to the wire tlth red, fiber boarc
3/64" thicK. The fiber board was put on as a protection against
fire in case the coil should be heated to a high temperature,
as it is claimed that the asbestos insulation will stand a red
heat.
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C/?0^s^ ^£:c7-/on or co/l. .
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Description of Coll when Completed., -
For dimensions see Figure # 6
Number of layers 19
» " turns per layer, 21 -23
Total number of turns 411
Total weight of the wire 11,1 lbs.
Weight per foot . 01G2 lb.
Total length of wire 688 feet.
The resist '^nce of the coil was measured by means of the potenti-
ometer with the following results, -
£ I B
, .19170 .14520 1.3225
.27524 .20733 1.3275
.41223 .30895 1.3343
.53770 .40050 1.3427
.81290 .60150 1.3515
Mean resistance 1.3357 ohhis
The impedance was measijred by mea-ns of the precisions instru-
ments with results as follows
E I Z
73.6 6.75 10.90
75.4 6.84 11.02
82.8 7.55 10.96
Mean Impedance 10.96 ohms
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Consideriiig X practically equal to Z ne have :—
X=10.96 ohms, But X= 27T f L = wL
L=r x/ 2 7rf = 10.96/2 X 3. 14 X 60 = .0291 henrys.
substituting the actual dimensions in Professor Brook's fornv-
ula obtain the following results , -
Prom Figure # 6 Tie he.ve ,
7.5"
,
1=2" and t =1.3125"
P 2
(7.5 - 1.3125 ) X 411 X 2,54
L=
( 2 — 1.3125 — .45 X 7.5 ) 10*^
38.3 X 178500
= = ,025 henry's,
6.69 X 108
It may appear from these calculations and results that there
was either an excessive error in the first calculation or an
unnecessary factor of safety allo-red. The fact is, the change
in the sice of wire affected the inductance appreciably, but
also a large factor cf safety Yrp<.s allOTred. This was allowed
because there seems to oe no formu"^ a that will give the exact
inductance for a coil of any shape, besides the inductance of
the two machines aids the coil, and it is more convenient to
change the coil th^n to measure this inductance.
After comparing the results obtained b^'- Profess-or Brook*
fccTTnula anri thorie obtained by several formulas published by
the national Bureau of Standards with the actual deterrinn.tions,
it w'-.s found th^t his formula gives the most accurate results
in til is case notwith standing it is empirical. In addition
to this the simplicity of his formula diminishes to a great
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degree the likelihood of error in calculation,
\fiien a number of tests had been made in the substation,
under various conditions of frequency and phase relation,
all of Y7i:ich resulted satisfactorily, temporar:/ connections
were made on the po'Ter plant switch-board, and the ".wo alter-
nators -.-.'ere synchronized by means of the coil. A number of
trials were made under various conditions, and in every one the
coil
yi
performed its function 77ith even iZxei^teT effectiveness than it
had shown in the substation tests. The phasing current was
slightly greater than that obtained in the substation tests,
but the synchronizing current was practically the same
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C02INECTI-IJS AND METHOD SUGGESTED .
Connections
.
- Figure 7 shov/s a diagram of the connections
that are to be made in order thr.t the proposed method of oper-
ating may be carried out. The substation circuit is to be
connected to the large double throw switch, now on the board,
which will a"'-low it to be thrown to either bus. A new bus
tie sT/'itch is to be installed
,
by means of w2iich the two buses
can be tied together. This will require a S7;itch with a capa-
city of least 150 anrperes . The synchronizing coil is to be
attached to the back of the board, and connected to a small,
four pole, single throw switch now on the board. Leads from
this switch are to be connected to corresponding phases of the
machines as shown. The connections are to be made outside of
the machine switches so that the two machines could be syn-
chronized if neither of them were connected to the bus bars.
By means of this connection the machine being e3/"nchronized
may be switched to the same bus with the machine already in
operation or it may be switched to the second ljus
,
and the bus
tie switch closed. The conditions for synchronizing are to be
indicated by four 220 volt lamps connected in series to the
sides of the synchronising phase containing the coil. The
opposite sides of this phase are to be connected by a No. 14
wire. These connections are to be made as shown in the diagram.
Method
.
- With the connections as just outlined the two
machines may be paralleled at any tine desired with absolute
safety. If at any time it is desired to do repair work or
change the connections on one bus the circuits and the three
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madliines may be thro-^n to the other Tms and the one to be "work-
ed on will be dead. One of the main points in favor of this
method will be when shutting down one machine in the evening
when the two are operating on different buses. The plans is
,
to synchronize the machines by means of the coil^ close the
bus tie switch, shift the load to the machine to be 16ft in
service then shut dovm the other machine. By this means there
will be no flashing of the lights, and there need not be a
noticeable variation in voltage.
This method will simplify synchronizing to such an extent
that even an unskilled operator can parallel the machines with-
out danger of injury to them or to himself. It will make
the whole system more flexible and will make possible such
operating as will give to the University of Illinois the electric
service that the public of today is demanding.
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